To investigate how autoregulation affects transmural myocardial blood flow, we studied 21 open-chest dogs and varied coronary arterial pressure independently of left ventricular pressure. Total left ventricular myocardial blood flow (FLV) and subendocardiaksubepicardial blood flow ratio (I:O) were measured with microspheres, 9 /an in diameter, injected during autoregulation or maximal coronary vasodilation. With autoregulation, changing coronary perfusing pressures over a wide range with constant left ventricular 'work at steady state resulted in constant coronary flow; flows decreased below and increased above this range. When coronary flow was raised or lowered from the autoregulated flow, coronary pressures rose or fell, respectively, to reach values on the pressure-flow curve determined when coronary pressures were varied deliberately. When coronary pressure was changed in autoregulating hearts, F L v and 1:0 ratios were independent of the ratio of diastolic coronary pressure time index (DPTU) to left ventricular systolic pressure time index (SPTI) over the range, 0.45-1.0, but I:O fell with pressure ratios below 0.45 and increased with pressure ratios above one. During vasodilation, F LV and I:O ratios varied linearly with DPTL:SPT1. Thus, coronary autoregulation is necessary to maintain FLV and I:O distribution over a wide range of coronary:ventricular pressure relationships. With maximal vasodilation, flow at low coronary pressures increased from subendocardial to subepicardial layers, thereby suggesting a gradient of diastolic tissue pressures. Ore Res 45: 804-815, 1979 
TOTAL coronary blood flow is autoregulated, being fairly constant for any given demand over a wide range of coronary arterial pressures (Shaw et al., 1962; Rubio and Berne, 1975) . Presumably, autoregulation also regulates flows in different layers of the left ventricle, since the similarity of flows per gram in these layers at rest (Moir and De Bra, 1967; Griggs and Nakamura, 1968; Domenech et al., 1969; Cobb et al., 1974) is changed little or not at all by tachycardia and exercise that cause 3-or 4-fold increases in flows (Neill et al., 1973; Ball et al., 1975; Domenech and Goich, 1976) . However, independent autoregulation in different layers has not been demonstrated directly. The problem is important, since subendocardial underperfusion has been noted in many studies (Hoffman and Buckberg, 1976) . To explain this finding, Griggs and Nakamura (1968) and Buckberg et al. (1972) hypothesized that a reduced subendocardial-to-subepicardial (inner: outer) flow ratio could occur only when subendo-cardial vessels were fully dilated and that they reached maximal vasodilation earlier than did those in more superficial muscle layers. The hypothesis is reasonable but has not been verified. It generally is believed that, because of differences of intramyocardial systolic pressures in different layers, subendocardial muscle is perfused only in diastole, but midmyocardial and subepicardial muscle is perfused throughout the cardiac cycle (Brandi and McGregor, 1969; Armour and Randall, 1971; Baird et al., 1975; Downey and Kirk, 1975; Hess and Bache, 1976) . The similarity of flows in those layers therefore implies that diastolic resistance to flow is least in the subendocardial muscle (Moir, 1972) . Whether this gradient of resistance is due entirely to autoregulation or is related also to differences in number and geometry of vessels in different regions was explored by . They noted that flows remained similar to each other in the left ventricular subendocardial and subepicardial muscle after maximal coronary vasodilation and concluded that differences in minimal vascular resistance in different layers helped to maintain similar flows in those layers.
Differences in minimal resistances, however, cannot be determined with certainty from this experiment for two reasons. The observed similarity of flows in different layers when autoregulation has been abolished may be fortuitous. At maximal vaso-dilation, perfusion should depend on perfusing pressures and times, so that flows in different layers should not remain equal at different pressures and heart rates. In fact, Domenech and Goich (1976) observed that, during maximal coronary vasodilation, tachycardia caused a decreased innenouter flow ratio. Furthermore, Bellamy (1978) observed that in conscious dogs with maximal coronary vasodilation the coronary diastolic pressure-flow curve extrapolated to zero flow intersected the pressure axis at a pressure of about 20 mm Hg. Tissue pressures in diastole therefore may be of this magnitude and may not be equal in different layers of the left ventricle. If they are not, then equality of flows in different layers would be maintained by a complex interaction between autoregulation, vascularity, and intramyocardial pressures in each layer, and subendocardial underperfusion could result from more than one cause.
To elucidate some of these regulatory factors, we designed experiments on open-chest, anesthetized dogs. Our hypotheses were that regional autoregulation controlled local blood flows so that as coronary pressures were decreased there would be progressive vasodilation in all layers, that maximal vasodilation would be reached first in the subendocardial vessels, and that perhaps diastolic intramyocardial pressures would be highest in the subendocardial muscle. We also expected that, when autoregulation was abolished, the distribution of blood flow to each layer would change as perfusing pressure changed. We therefore cannulated the left main coronary artery and varied perfusing pressures over a wide range while keeping left ventricular systolic pressure approximately constant. Measurements were made during autoregulation and after it had been abolished by infusing adenosine. When autoregulation had been abolished, it was possible to derive pressure-flow curves that gave information about vascular conductance and the intramyocardial pressures at which flows ceased in the different layers.
Methods
Successful experiments were done in 21 mongrel dogs, weighing 27-36 kg, anesthetized with sodium pentobarbital (Diabutal), 25-30 mg/kg, and given supplemental doses as needed. An endotracheal tube was inserted, and the dogs were ventilated with room air by a Harvard respirator, if needed, oxygen was added to maintain a normal arterial oxygen tension. Catheters were placed in femoral veins for infusing saline or infusing or withdrawing blood and in the right femoral artery for blood sampling. The left carotid artery was isolated for later cannulation.
The pericardium was exposed through a left thoracotomy in the 4th intercostal space and then opened widely. Pressure lines connected to Statham P23Db pressure transducers were placed in the descending aorta through the left femoral artery, the left atrium through its appendage, and, in seven dogs, into the coronary sinus as described by Carlson and Utley (1973) . In five dogs, a catheter was placed in the left ventricle via the left atrial appendage, and in the other 16 dogs, left ventricular pressure, its first derivative, and high-sensitivity left ventricular end-diastolic pressure were measured with a catheter-tip pressure transducer . The first derivative of pressure was measured by differentiating the pressure signal with an active electronic differentiator, the positive deflection being calibrated in mm Hg/sec.
After dissecting the fibrous sheets covering the origin of the left coronary artery (LCA), a no. 0 silk thread was placed underneath the origin of the LCA at its junction with the aorta and proximal to all of its branches. An electromagnetic flow transducer was placed on the circumflex or left anterior descending coronary artery near its origin and coupled to a calibrated flowmeter (Narcomatic RT-500). Needle electrodes were inserted to record lead II of the electrocardiogram. The dog was heparinized (8000 U), and control pressures, phasic and mean coronary arterial flows, and the electrocardiogram were recorded simultaneously on a 12-channel Beckman ink oscillograph.
The left carotid artery was cannulated with a no. 16 Bardic tube, and its flow was diverted through an occlusive roller pump (Sams Co.) to a modified Gregg cannula (4.25 mm, i.d.), either directly or via an interposed 1-liter warmed (38°C) glass bottle ( Fig. 1) ; the connecting tubing had an internal diameter of 4.5 mm. All of the tubing in this perfusion system was filled with saline, and then the cannula was advanced through an arteriotomy in the left subclavian artery into the root of the aorta. Aortic pressure was recorded through a small tube inside the cannula; the tips of the small inner tube and larger outer cannula were at the same level. Similarity of aortic pressures recorded through this tube and the aortic catheter was verified. The pump was turned on until flows of 100-150 ml/min were reached, and then the cannula was advanced into the LCA, where it was tied in place. The glass bottle was pressurized with compressed air, its pressure was regulated to the level of the mean aortic pressure by a valve, and then the system was changed from a flow-to a pressure-regulated system (Fig. 1) . Pressure in the bottle was adjusted until the diastolic pressure in the LCA matched aortic diastolic pressure, and the pressurized bottle was used to perfuse the LCA while the pump flow was adjusted to maintain a constant level of arterial blood in the pressure bottle. We confirmed adequacy of cannulation by finding that, upon occlusion of the perfusion line for 10-15 seconds, the LCA pressure decreased to 10-15 mm Hg and that, upon reperfusion at constant pressure, there was a hyperemic response. Complete perfusion of the LCA was re-iOS CIRCULATION RESEARCH VOL. 45, No. 6, DECEMBER 1979 AIR FIGURE 1 Schematic representation of the extracorporeal system used to study the relations between coronary pressure and left coronary arterial flow and its transmural distribution, both with autoregulation and vasodilation. Left coronary pressure was controlled independently of left ventricular pressure by the air pressure valve with the tube clamped at m The Sams pump was used to refill the pressurized bottle. Clamping the tubing at Z.\1 and opening M transforms the pressureregulated system into a flow-regulated system. The left coronary pressure was recorded from an inner catheter (not shown) passing through the cannula.
warded by hemodynamic stability and normal electrocardiograms in 21 of the 33 dogs operated on, the main obstacle to success being a short main LCA.
The relationship between steady state coronary arterial pressure and flow was studied in three of these dogs, both when coronary arterial pressure was varied and flow was allowed to follow pressure (pressure-regulated system) and when flow was varied by changing the pump setting and pressure was allowed to follow flow (flow-regulated system). Pressures were measured in the coronary artery, flows were measured by flowmeter, and both pressure and flow-regulated systems were compared in the same dogs.
Transmural blood flow distribution was studied with radioactive microspheres in these 21 dogs over a wide range of mean coronary arterial diastolic pressures from 30 to 260 mm Hg during a steady state, both with autoregulation (36 measurements) and maximal vasodilation (43 measurements). Heart rate was not controlled. In the hearts with autoregulation, a change in coronary perfusing pressure caused a transient change in coronary flow. We waited until this flow had returned to its previous level, or until 10-20 minutes had passed, before making new flow measurements. Infusing adenosine (4.57 /iM/min) into the cannula increased coronary flow and abolished the reactive hyperemic response. Raising coronary flow much above its control level was associated with increased left ventricular systolic pressure; when this happened, we removed blood from the femoral venous line to restore left ventricular systolic pressure to about 100-120 mm Hg. Marked reductions of coronary flow sometimes were associated with decreased left ventricular systolic pressure, and then blood or saline was infused to try to maintain the pressure. In one dog with intact autoregulation, we injected the microspheres during the control state and 1, 3, and 20 minutes after increasing the coronary arterial pressure. At 1 and 3 minutes, the innenouter layer flow ratio was greater than control (control: 1.22; 1 minute: 1.65; 3 minutes: 1.55), whereas it equalled control at 20 minutes. Only the control and 20-minute measurements are reported from that dog.
Four sets of microspheres, 9 ± 1 fim in diameter (mean and standard deviation) and labeled with 125 I, MI Ce, M Sr, or 46 Sc (3M Company), were prepared as previously described (Heymann et al., 1977) . For each myocardial blood flow measurement, we injected 3 • 10 s to 1 • 10 6 microspheres into the LCA perfusion line by flushing them in with 15 ml of arterial blood taken from the femoral artery. The microsphere injections produced no changes in heart rate, systemic or coronary arterial pressures, or coronary blood flow; coronary arterial pressure was stable because the pressure bottle acted as a buffer. Starting immediately before the microsphere injection, blood was withdrawn from a side arm on the cannula at a rate of 10-15 ml/min by a Holter pump to fill successively four collecting vials for 30 seconds each; this was done so that coronary flow could be measured by the microsphere reference method (Heymann et al., 1977) . The microsphere-injecting and withdrawal sites were situated on the tubing connecting the pressure bottle to the cannula, were 40 cm apart, and were separated by two mixing chambers. In four dogs, we collected similar reference samples from the aorta with each microsphere injection, and, in another dog, we collected a coronary sinus reference sample in the same way.
Before injecting the microspheres, we measured arterial blood gases and pH and corrected them to normal if necessary. After the microsphere injection, a blood sample was withdrawn from the can-nula for arterial oxygen and carbon dioxide tensions, pH, and hematocrit; hemoglobin and percent of saturation were measured with a hemoxymeter (Radiometer OSM 2), and the oxygen content was calculated from an oxygen capacity of 1.36 ml per gram of hemoglobin. In seven dogs, blood from the coronary sinus and the cannula was collected simultaneously for oxygen content measurements; there were nine of these paired measurements with autoregulation and 19 with vasodilation. The first microsphere injection in one dog was made 1 hour after conversion of rapid atrial fibrillation coincident with an injection of 40 mg of lidocaine, i.v. The other dogs had neither arrhythmias nor therapeutic drugs.
At the end of the experiment, the heart was arrested by injecting a concentrated solution of potassium chloride and was removed, weighed, and fixed in 10% formalin for 1 week. Fat, epicardial vessels, and heart valves were discarded; then the atria were cut off and the ventricles divided into apical, mid, and basal portions, which were then subdivided into anterior and posterior pieces. Each left ventricular and septal piece was cut into four layers of about equal thickness from endocardialto-epicardial surfaces or from left-to-right septal surfaces; the deepest (subendocardial or left septal) layer was layer 1 and the most superficial (subepicardial or right sided septal) layer was layer 4. The blood samples and muscle were placed in preweighed vials, weighed, and then counted in a well scintillation counter with a Nal (Tl) crystal (Searle Analytic, Inc.), connected to a 512-channel pulse height analyzer. The total activity of each nuclide was calculated by the stripping method of Heymann et al. (1977) . From these counts, the flow in the cannula was computed as the quotient of flow (ml/ min) and activity (counts/min) in the reference sample taken from the cannula multiplied by the total amount of radioactivity injected into the heart (total counts per minute in the vial before injection minus residual counts in the vial). The total and regional flows in the heart were calculated as flow in the reference sample from the cannula multiplied by the quotient of counts per minute in the heart or region and the counts per minute in the reference sample. The number of microspheres per sample was always well above 400 (Heymann et al., 1977) . The proportion of microspheres passing into the coronary sinus was estimated in one dog by the method of Archie et al. (1973) .
In 20 instances, the isolated cannula was perfused with blood at flows ranging from 30 to 1000 ml/min. Microspheres were injected and reference samples obtained as described above, while all the blood flowing through the cannula was collected in a graduated cylinder. This was done to check the accuracy of measuring cannula flows by the microsphere method.
The tension time index of Sarnoff et al. (1958) was calculated as (mean left ventricular pressure x duration of beat) minus (mean left atrial pressure x duration of diastole). When multiplied by heart rate, this index was termed the systolic pressure time index (SPTI: mm Hg/sec per min). The diastolic coronary pressure time index per minute (DPTIci mm Hg/sec per min) was calculated as (mean diastolic coronary pressure minus mean left atrial pressure) X diastolic duration x heart rate. We measured the duration of diastole from the dicrotic notch of the aortic pressure tracing to the onset of the next mechanical left ventricular systole. Mean coronary arterial diastolic pressure was calculated by planimetry or counting squares. DPTL differs from the DPTI of Buckberg et al. (1972) who used aortic, instead of coronary, arterial pressure in their calculations.
Possible errors due to recording coronary arterial pressure at the tip of the cannula were assessed in a separate experiment by simultaneous measurement of coronary arterial pressures at the cannula tip and through a small catheter tied into a diagonal branch of the left anterior descending coronary artery. Pressures were recorded at several different levels of coronary arterial pressure and flows.
Statistical analyses were done with paired and unpaired £-tests, linear and nonlinear regression, analysis of covariance, and correlation (Snedecor and Cochran, 1967) . Symbols used are: n, the sample size; Y, the sample mean of Y; Y, the predicted estimate of Y; s,.,, the standard deviation from regression; r, the correlation coefficient. Three pressure-flow points obtained in one dog during vasodilation were far removed from all the rest and were tested for membership in the main group by an extreme value test (Snedecor and Cochran, 1967) .
Results
When flow through the cannula was measured both by direct collection of blood in the cylinder (X) and by the microspheres (Y), the points could be fitted by a straight line through the origin with the equation, Y = 0.96X (n = 20, r = 0.99, Y = 348 ml/min, Sy. x = 55 ml/min). The slope was not significantly different from 1.0. Seventy-five percent of the calculated flows were within 20% of the measured flows; the discrepancy was over 20% in four measurements of flows under 100 ml/min. When flows measured by the microspheres in the cannula (X) and in the heart (Y) were compared, the regression line fitted through the origin had the equation, Y = 0.89X (n = 80, r = 0.99, Y = 444 ml/ min, Sy.i = 80 ml/min). The slope was significantly below one (P < 0.001). In one dog, less than 5% of the injected activity was found in blood withdrawn from the coronary sinus on three occasions with autoregulation, and no activity above background was present with vasodilation and a flow of 900 ml/ min. In four dogs, we collected reference samples from the aorta 8 times with intact autoregulation and 8 times with higher flows during vasodilation. These samples had no activity above background, VOL. 45, No. 6, DECEMBER 1979 thus ruling out significant microsphere leakage from the cannula into the aorta, either directly or via left ventricular or atrial thebesian veins.
Mean and phasic pressures measured at the cannula tip and in a diagonal branch were identical at flows up to 500 ml/min.
Blood flows per 100 g of septum or left ventricular free wall were similar (0.2 < P < 0.5). In the rest of this presentation, we will confine ourselves to data from the left ventricular free wall.
The difference between a pressure-and a flowregulated system is shown in Figure 2 . With the pressure-regulated system, flow in the coronary artery remained almost constant for a wide range of coronary arterial diastolic pressures from about 55 to 100 mm Hg; this was the autoregulatory range. Above and below that range, flow varied with pressure, increasing at higher and decreasing at lower pressures. Once the autoregulatory range had been defined, pressure was returned to its control value near the middle of the range, and the system was converted to a flow-regulated system by excluding the pressure bottle from the circuit; the pump was adjusted to give the flow that had been present during the period of pressure regulation. If flow Example in one dog of the difference between using a pressure-and a flow-regulated system to study autoregulation of coronary blood flow. The left ventricular pressure and heart rate were constant. The flow in the circumflex coronary artery was measured with a flow meter. The squares were obtained with the pressure-regulated system and then the triangles with the flow-regulated system. Note that in a stable state, there is a narrow range of coronary blood flow in response to changes of pressure (darkened band: autoregulation) ; this can be demonstrated only with a pressureregulated system. Forcing flow above or below the autoregulated value causes marked changes in coronary pressure.
then was increased or decreased, even as little as 5-10%, pressure rose or fell, respectively, until it reached a value on the ascending or descending limb of the pressure-flow curve defined by the pressure-regulated system. With a flow-regulated system, only one pressure-flow point could be recorded inside the range of effective autoregulation, and that occurred at the flow rate that had been achieved during pressure-regulated perfusion. Despite attempts to keep aortic (and left ventricular) systolic pressures constant, there were changes in systolic aortic and mean left atrial pressures, maximal dP/dt, heart rates, and diastolic durations ( Table 1) . Because of this variability, we normalized DPTI C by dividing it by SPTI, which is an index, albeit imperfect (Hoffman, 1978) , of myocardial oxygen needs. When myocardial oxygen needs outstrip the ability of the coronary arteries to supply blood and oxygen, the subendocardial vessels become maximally dilated, and flow through them becomes dependent on perfusing pressure and time, that is, on DPTI C . The point at which this maximal vasodilation occurs can be estimated by relating DPTI C to SPTI; when the ratio falls below 0.4-0.5 in normal dogs, then subendocardial vessels will become maximally dilated (Hoffman and Buckberg, 1978) . When all vessels are dilated maximally, the ratio DPTI C :SPTI no longer has the same predictive value. We continued to use it, however, to compare flows and flow ratios in the autoregulated and nonautoregulated groups.
The relationships between DPTI C :SPTI and left ventricular flow and its transmural distribution, both with autoregulation and during vasodilation, are shown in Figures 3 and 4 . With autoregulation, both total left ventricular flow (Fig. 3 ) and the innenouter flow ratio (Fig. 4A ) remained relatively constant over DPTI C :SPTI ratios ranging from 0.45 to 1.00. In any one dog, both the absolute flows and the innerouter flow ratios were remarkably constant over the autoregulatory range (as shown, for example, in Fig. 2 ). However, variability from dog to dog was sufficient to produce a broad, rather than a narrow, band of points when all were included in one figure. Left ventricular flows during autoregulation and maximal vasodilation were plotted also against DPTI C or mean diastolic coronary arterial pressure; the figures were similar to Figure  3 . During maximal vasodilation, left ventricular flow was correlated most highly with DPTI C (r = 0.85) then with mean diastolic coronary arterial pressure (r = 0.78), and least well with DPTI C :SPTI (r = 0.68); all correlation coefficients were significantly different from zero with P < 0.01. As expected, the innerouter flow ratio during autoregulation did not show any consistent relationship when plotted against DPTI C or mean diastolic coronary arterial pressure, since neither of these variables on its own indicates the relationship between myocardial blood supply and oxygen needs.
With maximal vasodilation, the innerouter flow ratio increased in proportion to the perfusing pressure or the pressure ratio (Fig. 4B ). The regression line and its 95% confidence limits have been drawn on Figure 4B to show the relationship of the inner outer ratio to the pressure ratio and have also been drawn on Figure 4A to show the difference autoregulation can make to this relationship. During autoregulation, when pressure ratios were below 0.4, the subendocardial flow decreased, whereas subepicardial flow remained constant so that the inner:outer flow ratio decreased. To examine these changes further, flows in subendocardial and subepicardial muscle were divided by SPTI to relate autoregulated flow to some measure of myocardial oxygen demand and then plotted against DPTIc, mean diastolic coronary pressure, or DPTIc:SPTI. All plots were similar, and only that with DPTIc:SPTI is shown in Figure 5 (A and B) ; except for the scale factors, this plot is identical to that of flow against DPTIc, but the pressure ratio DPTIcrSPTI was used so as to allow comparison with Figure 4 . The normalized flows (in ml/100 g per mm Hg per sec) were low only in the subendocardial muscle at DPTIc:SPTI ratios below 0.4. In both layers, the flows were significantly higher when systolic coronary arterial pressure was above, than when it was below, left ventricular systolic pressure: 43 ± 18.3 (SD) VS. 29.7 ± 13.8 units in VOL. 45, No. 6, DECEMBER 1979 Figure  4B . B: Relation between the pressure ratio and the inner-.outer flow ratio during maximal vasodilation. The regression line and its 95% confidence limits are drawn. The line has the equation ? = 0.9513x -0.0903, r = 0.8608, and the SD from regression s y . x = 02161.
FIGURE 4 A: Relation between the pressure ratio (DPTI C :SPTI) and the subendocardial (inner)-tosubepicardial (outer) flow ratio during autoregulation. The regression line and its 95% confidence limits are those taken from data with maximal vasodilation in
subendocardial muscle (P < 0.025), and 38.3 ± 16.3 vs. 20.1 ± 8.4 units in subendocardial muscle (P < 0.001). In the subendocardial layer, the difference in flows at the two coronary-ventricular pressure relationships was similar and still significant when those low flows associated with a DPTI^SPTI ratio below 0.4 were omitted. The open circles in Figure 5 , A and B, show that, during autoregulation, the decrease in the inner outer flow ratio at low DPTIciSPTI ratios was due solely to a decrease in subendocardial flow. Furthermore, when adenosine was infused (filled circles) at low pressure ratios, there was no increase of subendocardial flow but a large increase in subepicardial flow. Hence, at low pressure ratios, there was loss of coronary vascular reserve in subendocardial but not subepicardial vessels, and giving adenosine at these low pressure ratios further decreased the innerouter flow ratio (Fig. 4) . Figure 6 displays pressure-flow relationships during maximal vasodilation in 14 measurements from nine dogs in which coronary systolic pressure did not exceed left ventricular systolic pressure. In Figure 6A , the subendocardial flows are plotted against mean diastolic coronary arterial pressure and, in Figure 6B , the subepicardial flows are plotted against mean coronary arterial pressure. In each layer, the pressure-flow relationship was fairly linear, with correlation coefficients of 0.94 in the subendocardial and 0.79 in the subepicardial layer, in neither layer was there significant curvilinearity when linear and parabolic regressions were compared (Snedecor and Cochran, 1967) . The conductance slope for the subendocardial layer was less than that in the subepicardial layer, but the differ- ence was not significant. However, the intercepts of the two conductance lines on the pressure axis at zero flow were significantly (P < 0.001) different. In the subendocardial muscle the intercept was 20 mm Hg, with 95% confidence limits of 9-27 mm Hg. In the subepicardial muscle the intercept was at -3 mm Hg, with 95% confidence limits of -60-19 mm Hg; this wide range is in part an artifact of the fanning out of confidence limits when remote from the mean.
Discussion

Critique of Methods
All successful cannulations were associated initially with normal left ventricular systolic and enddiastolic pressures, normal electrocardiograms, adequate perfusion of the septal artery, and wellmarked reactive hyperemia after 10-15 seconds of complete occlusion of the LCA. Absence of significant leakage of the cannula in the LCA was demonstrated by coronary arterial hypotension on occluding the perfusion line. In addition, no leakage of microspheres into the aorta could be found on the 16 occasions in which it was sought.
Adequate mixing of microspheres in the perfusion line is suggested by the ability of the microspheres to measure known flows passing through the cannula. When microspheres were used to measure flows both in the cannula and in the heart, flows in the heart were about 11% below those in the cannula which previously had been shown to be accurate. The discrepancy was not due to leakage from the cannula or thebesian venous drainage into the left side and, in the one dog tested, less than 5% of the microspheres entering the heart entered the coronary sinus, as noted before (Archie et al., 1973) . Some of the difference was due to radioactivity discarded when we trimmed the heart of epicardial vessels, valves, and fat, and some could have been due to late leakage of microspheres from the heart (Leonard et al., 1977) .
Left atrial pressures were normal in all but five measurements made in two dogs during perfusion with very high coronary pressures. This, and the normality of most aortic pressures, suggests that the hearts were not failing, although the low maximal dP/dt suggested impaired contractility. Subendocardial blood flow was usually adequate for myocardial needs except at very low coronary perfusing pressures and DPTL.:SPTI ratios. With autoregulation six left ventricular flows were under 50 ml/min per 100 g, four of these when SPTI values were under 1000 mm Hg/sec per min. During maximal vasodilation, only one left ventricular flow was under 50 ml/min per 100 g. Lekven et al. (1973) and Wyatt et al. (1975) have shown that with normal aortic pressures, there were only small changes in contractility, stroke work, ventricular segment length, and segment loop area until transmural flow was reduced below 25-55 ml/min per 100 g. There is thus no reason to believe that our findings represent artifacts of a deteriorating ventricle.
Measuring mean and phasic coronary arterial pressure at the cannula tip with the direction of flow moving away from an end hole did not give artifactually low pressures, even at high flows.
Inserting a cannula to perfuse the left main coronary artery with constant pressures proximal to the cannula produces coronary pressures and flows that are not identical to those in the uncannulated artery. The major difference from normal was a slower rise of coronary arterial pressure in systole. This difference might have altered slightly subepicardial flow during maximal vasodilation but, since most coronary flow is diastolic, the effects of these mild phasic systolic pressure changes were probably not important.
The resistance of the cannula and the mass of blood in the tubing between the pressure bottle and the cannula would have prevented any systolic backflow that might otherwise have occurred at low coronary perfusing pressures. We do not believe that this altered the results in any meaningful way because the relationship of innerouter flow ratios to DPTIciSPTI ratios in this present study are similar to those reported previously (with DPTT: SPTI ratios) in uncannulated dogs (Hoffman and Buckberg, 1976, 1978) .
A more important issue is whether the results obtained with anesthetized, open-chest dogs and an open pericardium can be applied to conscious dogs. It is likely that the general relationships between subendocardial and subepicardial flows apply to both types of studies but that the pressures and flows may not be identical; this remains to be explored. VOL. 45, No. 6, DECEMBER 1979 The choice of pressures used to examine correlations is important. During maximal vasodilation, the correlation of left ventricular flow with DPTI C was better than with mean diastolic coronary perfusing pressure; this is not surprising, since diastolic duration varied in these experiments. There was a slightly lower correlation with the DPTLjSPTI ratio, and the relationship of flow to DPTIc:(peak systolic pressure X heart rate) was no better. Nevertheless, we chose to examine relationships of flows to DPTIc:SPTI because, during autoregulation, this ratio has been shown, both previously (Hoffman and Buckberg, 1976, 1978) and again in this study, to predict when relative subendocardial underperfusion occurs in normal dogs under anesthesia. Similar predictive value for a pressure ratio was demonstrated by Griggs and Nakamura (1968) .
The pressure-flow relationships during maximal vasodilation also were examined using mean coronary pressure or mean coronary diastolic pressure. The results were similar for both sets of pressures because mean pressures in diastole and throughout the cycle are highly correlated and because these two mean pressures usually differed little due to the reduced pulsatility associated with perfusion through the cannula.
Despite the variability of flows, the values usually seemed members of a homogeneous population with a few outstanding exceptions. By an extreme value test (Snedecor and Cochran, 1967) , one dog was found to be significantly different from the rest of the dogs, and the pressure-flow points for this dog were not included in Figure 6 or in the corresponding calculations. Had they been included, they would have made the correlation coefficients lower, the slopes steeper, and the intercepts on the pressure axis higher, although all these changes would have been small.
Autoregulation
We confirmed that total left ventricular flow was autoregulated over a wide range of coronary arterial pressures when left ventricular pressure was constant. Shaw et al. (1962) and Rubio and Berne (1975) perfused the LCA in open-chest dogs with constant heart rate and systemic blood pressure and noted less than 5 ml/min variation in coronary blood flow when, in steady state, coronary perfusion pressure was varied from 50 to 100 mm Hg. On the other hand, Cross (1962) did note a linear relationship between pressure and flow in the LCA in cannulated dogs; however, in 18 of 22 (82%) of his reported data points, the coronary perfusion pressure was above 100 mm Hg and therefore probably above the range of effective autoregulation. In our studies too, when coronary arterial pressures were over 100 mm Hg and exceeded left ventricular systolic pressure, there was an increase in coronary blood flow, probably because autoregulatory vasoconstriction had been overcome.
The difference between pressure-regulated and flow-regulated systems is important in assessing the results of experiments on the coronary circulation. There appears to be one pressure-flow curve when there is autoregulation, whether it is primarily pressure or flow that is deliberately varied. If flow is the variable that is perturbed, then pressures will rise or fall until they are beyond the autoregulatory range, even though the change in flow is small. For example, Fam and McGregor (1969) and Downey (1976) noted that slight decreases in flow below the autoregulated value impaired cardiac function, a change that occurred earlier in deep than in superficial muscle (Downey, 1976) . The likely explanation of these findings is that, with a flow-regulated system, a slight reduction of flow causes a large fall in perfusing pressure with resultant subendocardial ischemia.
Our studies with a pressure-regulated system show that autoregulation is necessary for maintaining equality of flow across the left ventricular wall when coronary pressure is varied independently of left ventricular pressure. Lowering perfusing pressure when there was autoregulation caused no changes in total or regional left ventricular flows until pressure was less than the lower end of the autoregulatory range. When there was autoregulation, lowering perfusing pressure was accompanied by vasodilation in each layer until eventually maximal vasodilation was reached in the subendocardial muscle. Further decreases of perfusing pressure then caused a fall in subendocardial flow, but autoregulatory vasodilation was still possible in more superficial muscle layers. Therefore, decreases in total flow and the subendocardiahsubepicardial flow ratio were due at first to decreased subendocardial blood flow. That autoregulation was lost first in the subendocardial muscle is confirmed by finding that, at low perfusion pressures, adenosine increased subepicardial, but not subendocardial, flows (Fig. 5 ). Similar decreases of subendocardial flows with preservation of subepicardial flows were found by Guyton et al. (1977) during progressive constriction of an occluder on the left circumflex artery.
Diastolic Intramyocardial Pressures
During maximal vasodilation, there were roughly linear pressure-flow plots with a higher intercept on the pressure axis at zero flow in the subendocardial than in the subepicardial layer; this difference was statistically significant. This gradient of diastolic tissue pressures in different layers is in keeping with indirect studies of these tissue pressure (Pao et al., 1976) but not with the direct measurements of Baird et al. (1976) , who found diastolic tissue pressures that averaged 12 mm Hg in the outer and 5-6 mm Hg in the inner layers. The differences between the direct and indirect studies still need to be resolved. Figure 6 could be misleading. Variability among dogs could conceal curvature, and any systolic flow occurring (particularly at the higher perfusing pressures) would give steeper slopes and bigger intercepts on the pressure axis in proportion to the error incurred by ignoring systolic flow. It is therefore important to note that the observed data can be used in another way to infer that, in diastole tissue, pressures are higher in the inner than in the outer layers. At low mean diastolic coronary perfusing pressures, the flows were greatest in the subepicardial and lowest in the subendocardial muscle (Fig. 6 ). Since with maximal vasodilation there is probably no intrinsic critical vessel closure (Alexander, 1977) , the difference in flows in the various layers must be related to differences of maximal conductance, diastolic tissue pressure, systolic tissue pressure, perfusion time, or to combinations of these.
The regression lines drawn in
In the nonbeating heart with maximally dilated vessels, Wiisten et al. (1977) and Archie (1978) found that maximal subendocardial conductance was about 160% of subepicardial conductance. Current evidence suggests that, with low coronary pressure and normal left ventricular systolic pressures, the subendocardial flow is entirely diastolic. In the 14 measurements depicted in Figure 6 , diastole occupied 37-54% (mean 45%) of the cardiac cycle. Based on this and on the observed conductance in the subendocardial muscle, the conductance for continuous perfusion would be 3.02/0.45, that is, 5.7 ml/min per 100 g per mm Hg. This conductance is 52% greater than that in the subepicardial muscle, in agreement with the estimates of Wiisten et al. (1977) and Archie (1978) .
Given that conductance is 50-60% greater and perfusion duration in subendocardial muscle 45% of that in subepicardial muscle, then, if no other factors influenced regional flows, the flow to subendocardial muscle would be 45% X 160% = 72% of that in subepicardial muscle. However, this does not fit the observations at low perfusion pressures, since, at a mean diastolic coronary perfusion pressure of 40 mm Hg, subendocardial flow was 25% of subepicardial flow (Fig. 6A) . Postulating some systolic perfusion of subendocardial muscle, or some systolic impairment of flow to subepicardial muscle, serves only to increase the discrepancy between the observed and predicted innerouter flow ratios at low perfusing pressures.
The most likely explanation of these observed low innerouter flow ratios is a higher tissue diastolic pressure in the subendocardial than in the subepicardial muscle, as suggested by the intercepts in Figure 6 . If we use the intercepts of 20 and 0 mm Hg for the subendocardial and subepicardial layers, respectively, then, at a mean diastolic coronary perfusing pressure of 40 mm Hg, the pressure head in subendocardial muscle would be 20 mm Hg, which when multiplied by the conductance yields a flow of 60 ml/min per 100 g. In the subepicardial muscle, perfused throughout the cycle, the corresponding mean coronary pressure was about 45 mm Hg, and multiplying the pressure head of 45 mm Hg by the conductance yields 198 ml/min per 100 g and gives an innerouter ratio of 0.3. Exact correspondence cannot be expected because of inaccuracy in estimates of the intercepts and because, in subepicardial muscle, the pressure head may not be constant throughout the cycle. Nevertheless, these calculations make the point that differences in diastolic tissue pressures could explain the observed differences in flows.
Maximal Vasodilation
With this analysis of forces determining the distribution of flows across the wall, we now can examine effects of the whole range of perfusion pressures when the coronary vessels are dilated maximally. During adenosine infusion, the total left ventricular flow and the innerouter flow ratio were related directly to the perfusing pressure or its equivalent, DPTL:SPTI. With maximally dilated vessels, the total flow would be expected to increase as perfusing pressure rose. However, the relationship between the innerouter flow ratio and the perfusing pressure is more complex. The model that we envisage is one in which the subendocardial muscle is perfused only in diastole, but the subepicardial muscle is perfused throughout the cycle (Moir, 1972; Downey and Kirk, 1974; Hess and Bache, 1976) ; maximal coronary vascular conductance is greater in subendocardial than in subepicardial vessels (Moir, 1972; Wiisten et al., 1977; Archie, 1978) ; and intramyocardial pressures in diastole are higher in subendocardial than in subepicardial muscle, in keeping with the suggestion in the present study and with the studies of Pao et al. (1976) . Let us assume from our preliminary findings that diastolic tissue pressures are 15-25 mm Hg in subendocardial muscle and 0-10 mm Hg in subepicardial muscle. Then, at a mean diastolic coronary arterial pressure of 40 mm Hg, the pressure head will be 15-25 mm Hg in subendocardial muscle and, at a mean coronary pressure of 45 mm Hg, the pressure head will be 35-45 mm Hg in subepicardial muscle, so that, at maximal vasodilation, flow will be much greater in the superficial than in the deep muscle, and there will be a low innerouter ratio ( Figs. 4 and 6) . When the coronary arterial pressure is about 80 mm Hg, the discrepancy between the two pressure heads is less marked, so that flows in the two layers will be more alike and the innerouter ratio will approach equality. Finally, when coronary arterial pressure is much in excess of left ventricular systolic pressure (something that does not occur physiologically), then the subendocardial muscle can be perfused in systole as well as in diastole, so that, in effect, the conductance in that layer is increased, and suben- VOL. 45, No. 6, DECEMBER 1979 docardial flow will exceed subepicardial flow to produce an innenouter flow ratio much above one.
Clearly, a linear rise in the subendocardiaLsubepicardial flow ratio from below to above one results in a point at which the flow ratio equals one, which is approximately the normal value in the autoregulated heart; a ratio of one is reached at approximately the normal DPTI C :SPTI ratio for reasons that are not yet known. Thus, if autoregulation is abolished and the DPTIciSPTI ratio remains about normal, there will be no change in the flow ratio; it is only by testing pressure ratios above and below this nodal point that the dependence of flow distribution on autoregulation can be elicited. We believe that the fact that there is a nodal point explains why found no change in flow distribution across the left ventricular wall when they abolished autoregulation.
The results of the present study can be integrated with previous results to provide the following hypothesis about the regulation of regional myocardial blood flow. As coronary pressures decrease (or, what is equivalent in normal circulations, the myocardial need for oxygen increases), there is in each layer autoregulatory vasodilation that adjusts flows to meet local needs. Greater conductance in the subendocardial muscle helps to compensate for reduced perfusion times and perhaps higher tissue diastolic pressures in subendocardial muscle. Given a specific combination of diastolic durations and perfusion pressures, abolishing vascular tone will not alter the innerouter ratio. However, because of increased tissue pressures and the reduced time available for perfusion of the subendocardium in diastole, a marked fall of coronary perfusing pressure eventually will lead to subendocardial underperfusion at a time when subepicardial flow remains adequate; the increased subendocardial conductance then no longer can compensate for the forces tending to reduce subendocardial flow. raised by lowering sodium, whereas the sensitivity of the response is reduced. Increasing extracellular potassium has the opposite effect.
In examining the consequence of baroreceptor sodium sensitivity on the systemic reflex response, we demonstrated that a decrease in sodium concentration of the perfusate of the isolated carotid sinus as small as 5% (7 mM) of normal (145 mM) reduces the control which the baroreceptors exert on the systemic blood pressure (Kunze et al., 1977; Kunze and Brown, 1978) . This is shown by the decrease in the reflex systemic pressure response to step increases in carotid sinus pressure when the carotid sinus is perfused with the lowered sodium. There is, then, a reduction in the slope of the characteristic blood pressure response curve to increases in carotid sinus pressure. In addition, the threshold carotid pressure, which elicits a systemic blood pressure response, is increased as sodium is lowered. This reduction in sodium (from 145 to 138 DIM) is well within the range of variation known to occur in humans.
